Background: Mitral regurgitation in ischemic heart disease (IMR) is a strong predictor of outcome but until now, pathophysiology is not sufficiently understood and treatment is not satisfying. We aimed to systematically evaluate structural and functional mitral valve leaflet and annular characteristics in patients with IMR to determine the differences in geometric and dynamic changes of the MV between significant and mild IMR. Methods: Thirty-seven patients with IMR (18 mild (m)MR, 19 significant (moderate+severe) (s)MR) and 33 controls underwent TEE. 3D volumes were analyzed using 3D feature-tracking software. Results: All IMR patients showed a loss of mitral annular motility and non-planarity, whereas mitral annulus dilation and leaflet enlargement occurred in sMR only. Active-posterior-leaflet-area decreased in early systole in all three groups accompanied by an increase in active-anterior-leaflet-area in early systole in controls and mMR but only in late systole in sMR. Conclusions: In addition to a significant enlargement and loss in motility of the MV annulus, patients with significant IMR showed a spatio-temporal alteration of the mitral valve coaptation line due to a delayed increase in activeanterior-leaflet-area. This abnormality is likely to contribute to IMR severity and is worth the evaluation of becoming a parameter for clinical decision-making. Further, addressing the leaflets aiming to increase the active leaflet-area is a promising therapeutic approach for significant IMR. Additional studies with a larger sample size and post-operative assessment are warranted to further validate our findings and help understand the dynamics of the mitral valve.
Background
Mitral regurgitation is a strong predictor of cardiac outcome in patients with ischemic heart disease and is associated with higher mortality [1, 2] . The treatment of mitral regurgitation in ischemic heart disease (IMR) has been debated for several decades: Mitral valve (MV) repair is favored due to lower perioperative morbidity and mortality [3, 4] , whereas MV replacement if favored by others due to better long-term outcomes and lower IMR recurrence rates [5] [6] [7] . A detailed comprehension of the dynamic mitral valve anatomy and function across the cardiac cycle might help to develop and advance novel and more specific treatment options.
IMR has been subject to detailed investigation using three-dimensional (3D) echocardiography and important changes of the MV apparatus have been found. The mitral annulus has been shown to increase in size, flatten its saddle-like shape and loose its dynamic function with higher degrees of IMR [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Nevertheless, little is known about the changes of the dynamic leaflet motion and function in significant IMR and the differences amongst diverse stages of IMR severity. We therefore aimed to systematically evaluate structural and functional mitral valve leaflet and annular characteristics in patients with IMR to determine the differences in geometric and dynamic changes of the MV between significant and mild IMR.
Methods

Study population
We analyzed the stored images of 37 consecutive patients with ischemic heart disease, who had a TEE out of clinical reasons. Inclusion criteria were 1) ischemic heart disease shown by cardiac catheterization, 2) mitral regurgitation of any degree and 3) structurally normal mitral valve in comprehensive echocardiographic evaluation. Exclusion criteria were 1) acute myocardial infarction, 2) contraindications to undergoing TEE, 3) structural mitral valve or subvalvular disease (i.e. degenerative mitral valve disease, prolapse, flail leaflet, cleft, post-endocarditic lesion), 4) significant regurgitation or stenosis of any other cardiac valve, 5) other cardiac disease. IMR severity was determined according to current guidelines [20, 21] and graded into mild (m)MR and significant (s)MR, the latter subsuming moderate and severe IMR. Thirty three subjects without valvular or structural heart disease undergoing TEE for other clinical reasons (i.e. exclusion of endocarditis or search of cardiac source of embolism after ischemic stroke) served as controls.
Echocardiography
TEE was performed according to the American Society of Echocardiography Guidelines [22] using an x-7 T MTEE probe (Philips Medical Systems, Andover, MA) and standard views were acquired. Additionally, 3D volumes of the mitral valve were recorded. A 4-beat wideangled acquisition using ECG gating created a fullvolume scan of about 90°× 90°volume. Left ventricular ejection fraction (LVEF) was determined by the Simpson's biplane method. Wall motion abnormalities (WMA) were determined and patients were scored according to their number of by WMA affected LV regions (septal, lateral, inferior, posterior, anterior, apical).
Offline analysis
Blinded to MR severity, we used custom 3D featuretracking software (TomTec® Imaging Systems GmbH, Unterschleißheim, Germany) to analyze the datasets. As ECG information is lost when data are exported to the software platform, we identified end-diastole as the first frame when the mitral valve was completely closed and endsystole as the frame preceding mitral valve opening. Initial frame of interest was mid-systole, the mid-frame between end-diastole and end-systole. Mitral annular tracking points were identified in two perpendicular planes in mid-systole. The aortic valve and the apical aortic annulus point were marked and the leaflet coaptation line was defined in a 3-chamber view plane. After defining those landmarks, the program automatically tracked the valve in the initial frame and adjustments of the mitral annulus and the leaflets were performed when necessary (Fig. 1) . Subsequently, the program automatically tracked the valve in all frames between end-diastole and end-systole and again, manual adjustments if appropriate. As final step the MV parameters (Figs. 2 and 3) were calculated, saved and exported for further analysis. For quality assurance, a random sample of 10 patients was selected for assessing inter-and intraobserver variability and read in a blinded fashion by an expert in echocardiography once and by another expert twice, more than 4 weeks apart.
Data analysis
Data analysis was performed using Prism6® (GraphPad, LaJolla, CA, USA). Patient characteristics and echocardiography variables are presented as mean ± standard deviation (SD). Inter-and intra-observer variability are expressed as the absolute difference between two measurements as a percentage of their mean values. For categorical variables differences between groups were assessed using Fishers's exact test. The difference in WMA score between mMR and sMR was calculated using Mann-Whitney Test. For continuous variables differences between groups were analyzed by one-way analysis of covariance (ANCOVA), and corrected for multiple testing by the Holm-Sidak method. All variables were assessed for normality using the Shapiro-Wilks test, and nonparametric variables were logarithmically transformed prior to analysis. All tests were two-sided, and p-values < 0.05 were considered statistically significant. Table 1 shows the characteristics of the three groups. Sex, age and height were not significantly different between the three groups. Patients with mMR had a significantly higher weight and body surface area. Left ventricular ejection fraction was significantly lower and left ventricular end-diastolic diameter larger in both patient groups compared to controls, but there was no difference amongst the IMR groups. Owing to the ischemic etiology, wall motion abnormalities were present in both IMR groups with a preponderance in the lateral and inferior wall sections in sMR. In the mMR and sMR group, one and six patients, respectively, had an IMR jet that was oriented in the posterior or posterolateral direction. All other patients had a central IMR jet. Annular displacement (7.5 mm (normal) vs. 5.3 mm (mMR and sMR), p = 0.042) and annular displacement velocity (38 mm/s (normal) vs. 25 mm/s (mMR) and 24 mm/s (sMR), p < 0.0001), as assessed by 3D analysis, were markedly reduced in both IMR groups with no significant differences between both patients groups. Frame rates were similar amongst all three groups.
Results
Subject characteristics
Inter-and intraobserver variability
Coefficients of variation were low (≤6%) for all diameters, annulus circumference, non-planar angle and annular displacement and velocity, whereas coefficients of variation were higher for annulus area and anterior and posterior leaflet area (Table 2) .
Mitral valve structural characteristics in mid-systole
Initial measurements were performed in mid-systole (Table 3 ). There were no significant differences in diameters, annulus circumference and area, and anterior and posterior leaflet area between controls and mMR, whereas all parameters were significantly increased in sMR compared to controls and mMR. The proportionate increase between controls and sMR in anterior-posterior (AP) diameter (18%) and anterolateral-posteromedial (AL-PM) diameter (18%) as well as in intercommissural diameter (17%) was of similar magnitude.
The non-planar angle was significantly flattened in both IMR groups compared to controls with no difference between mMR and sMR patients.
The above detailed mid-systolic differences in MV characteristics between IMR groups and controls were present in end-diastole and end-systole, too (Table 3) .
Mitral valve dynamics in systole
In controls, we observed an increase in AP diameter, AL-PM diameter, intercommissural diameter, annulus Fig. 1 a Opening the 3D study, the system displays a four and a two chamber view where the observer has to manually set a total of four landmarks (orange dots) to indicate the mitral valve annulus in two perpendicular planes; b as a second step, the aortic valve has to be identified (red dot); c subsequently, a long axis view is displayed where the observer has to indicate the apical aortic annulus point (blue dot); d finally, the observer has to mark the mitral leaflets coaptation (yellow dot) in the same long axis view; e when all landmarks have been set, the program automatically tracks the mitral valve circumference and annulus area which primarily occurred in early systole (Table 3 , Fig. 4) . Furthermore, the anterior leaflet area increased homogenously during systole whereas the posterior leaflet area showed a slight but non-significant decrease in early systole (Table 3 , Fig. 4) .
The widening of the mitral annulus in early systole occurred in mMR as well, but it occurred later in sMR, which was associated with an increase in anterior leaflet area. A decrease in posterior leaflet area in early systole was seen in all three groups but reached significant values in sMR only.
Leaflet tenting volume and height decreased significantly in early systole in all three groups with a slight but insignificant increase in late systole. This was accompanied by flattening of the non-planar angle, which was most obvious in the sMR group. 
Discussion
To our knowledge, this is the first study reporting on the structural and functional dynamic modifications of the mitral valve in different grades of IMR, tracked from enddiastole to end-systole, and assessed by high resolution 3D TEE. The main findings of the present investigation were: 1) as compared to controls or patients with mild valve regurgitation, patients with significant IMR have a bidirectional dilated mitral annulus as well as an increase of the active area of both valve leaflets considered in absolute terms. Furthermore, this group of patients shows 2) loss of the normal mitral non-planar saddle shape, and 3) pronounced reduction of the active-posterior-leaflet-area in early systole as well as 4) delayed dynamic augmentation of the active-anterior-leaflet-area.
We observed 37 patients with IMR and subdivided them by IMR severity. We pooled patients with moderate and severe IMR into one group (i.e., sMR) since it is this group for which mitral valve surgery in combination with coronary artery bypass surgery would be considered [23, 24] . By contrast, in subjects with mMR watchful waiting is advised. Both patient groups had a moderately decreased LVEF with similar LV dimensions and alteration of LV function. However, the frequency of wall motion abnormalities was higher in sMR with a preponderance of lateral LV wall hypokinesis and a posteriorly oriented regurgitation jet.
In our study, intra-and interobserver variability for onedimensional measurements like annular diameters and circumference was excellent and was similar compared to other studies using semi-automated analysis software [9, 10, 25, 26] . The variability was higher for squared values like annulus and valve areas, where minimal measurement differences induce considerable variation.
Mitral valve annulus
Patients with mMR showed no significant differences in anatomical annular parameters (diameters, area and circumference) compared to controls, whereas these parameters were significantly larger in sMR. Applying the Pringle Principle, the significant increase in annular circumference and area in absence of difference in planarity in sMR indicates a real dilation of the mitral annulus, not only a change in shape. We further observed smaller absolute and relative intra-systolic changes in annulus area in both IMR groups as correlate for the mitral annulus' loss of motility, its ability to modify its shape throughout the Annulus circumference (cm) Posterior leaflet area (cm cardiac cycle [9, 11, 13, 27] , involving a flattening of the mitral annulus' non-planarity. The dilation of the mitral annulus confirms reports of previous studies [9, 11, 13, 28] and is the basis of standard surgical treatment of functional MR using reduction annuloplasty with an undersized ring [2, 7] . Nevertheless, this treatment alone is not satisfying with persistently high recurrence rates [2, 5] . This brings forth the question, if, although imaging does not show any of the known abnormalities from degenerative valve disease, the leaflets are altered anyway and therefore significantly contribute to IMR severity and might be a target for successful treatment.
Mitral valve leaflets
Anterior and posterior leaflet areas were significantly larger in sMR compared to controls and mMR. This might be caused by mitral annular enlargement with subsequent augmentation of the leaflets' circumference but leaflet enlargement also occurs as response to hemodynamic stress and chronic tethering [12, 13, 29] . Despite leaflet augmentation, the leaflets' adaptation to the new situation does not seem to be sufficient in patients with sMR, and impaired leaflet adaptation rather than the increase in LV and MV size per se seems to cause IMR [30, 31] .
The active-posterior-leaflet-area (measured in the closed MV from the annulus to the coaptation line) showed a decrease in early systole, non-significant in controls and mMR but significant in sMR, most probably due to tethering. In return, controls had a significant and homogenous increase in active-anterior-leaflet-area throughout systole, which occurred only in late systole in sMR. This systolic relocation of the coaptation zone with a posterior movement of the coaptation line in competent MVs implies an "anterior leaflet reserve" to compensate for the posterior movement [32, 33] . The MV is able to maintain competency until there is inadequate anterior leaflet coaptation length [33] . Though IMR is believed to be a primary response to ventricular remodeling, compromised anterior leaflet reserve or failure to increase the anterior leaflet area in sMRas seen in our study -might be a key aspect in the development of moderate to severe mitral regurgitation in ischemic heart disease.
On the one hand, this finding should trigger the proceeding in the development of novel treatment options like surgical elongation of the anterior mitral leaflet [34] or application of neo-chordae in the presence of "pseudoprolapse" of the anterior leaflet [35] as addendum to conventional annuloplasty [36] [37] [38] [39] . On the other hand, this finding seems worth the evaluation as a parameter for clinical decision making regarding the optimal treatment time point and treatment option in larger patient cohorts to achieve the best patient's outcome.
Limitations
Owing to the study design, we had no consistent information on the onset of coronary artery disease, i.e. the duration of the disease and the dynamic development of IMR and IMR severity. Further, not all patients had a recent angiogram, however, we were able to assess wall motion abnormalities as a surrogate of coronary artery disease in the TEE images. Lastly, the intra-and interobserver variability for "squared" parameters, which could be an important limitation for common and easily practical application of the software, was higher when compared to "simple" values but still in the range of previous reports [25] .
Conclusions
In addition to a significant enlargement and loss in motility of the MV annulus, patients with significant IMR showed a spatio-temporal alteration of the mitral valve coaptation line due to a delayed increase in activeanterior-leaflet-area. This abnormality is likely to contribute to IMR severity and is worth the evaluation of becoming a parameter for clinical decision-making. Further, addressing the leaflets aiming to increase the active leaflet-area is a promising therapeutic approach for significant IMR. Our observations are based on a small but well characterized patient sample and should therefore Fig. 4 Intrasystolic changes in a mitral valve annulus area as well as in b active anterior leaflet area and c active posterior leaflet area in patients with ischemic heart disease and functional mild (mMR) and significant (sMR = moderate and severe) mitral regurgitation compared to normal controls be regarded hypothesis-generating; studies with a larger sample size and post-operative assessment are warranted to further validate our findings, explore their pathophysiologic etiology, and help understand the dynamics of the mitral valve. 
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